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Drosophila odorant receptors (Ors) are ligand gated ion channels composed of a common receptor subunit Or co-receptor
(ORCO) and one of 62 “tuning” receptor subunits that confer odorant specificity to olfactory neuron responses. Like other
sensory systems studied to date, exposing Drosophila olfactory neurons to activating ligands results in reduced responses to
subsequent exposures through a process called desensitization. We recently showed that phosphorylation of serine 289 on the
common Or subunit ORCO is required for normal peak olfactory neuron responses. Dephosphorylation of this residue occurs
on prolonged odorant exposure, and underlies the slow modulation of olfactory neuron responses we term “slow desensitiza-
tion.” Slow desensitization results in the reduction of peak olfactory neuron responses and flattening of dose–response curves,
implicating changes in ORCOS289 phosphorylation state as an important modulator of olfactory neuron responses. Here, we
report the identification of the primary kinase responsible for ORCOS289 phosphorylation, PKC98E. Antiserum localizes the
kinase to the dendrites of the olfactory neurons. Deletion of the kinase from olfactory neurons in the naive state (the absence
of prolonged odor exposure) reduces ORCOS289 phosphorylation and reduces peak odorant responses without altering recep-
tor localization or expression levels. Genetic rescue with a PKC98E predicted to be constitutively active restores ORCO S289
phosphorylation and olfactory neuron sensitivity to the PKC98E mutants in the naive state. However, the dominant kinase is
defective for slow desensitization. Together, these findings reveal that PKC98E is an important regulator of ORCO receptors
and olfactory neuron function.
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Significance Statement

We have identified PKC98E as the kinase responsible for phosphorylation of the odorant receptor co-receptor (ORCO) at
S289 that is required for normal odorant response kinetics of olfactory neurons. This is a significant step toward revealing the
enzymology underlying the regulation of odorant response regulation in insects.

Introduction
In most sensory systems, the presence of background stimuli
reduces the responses of the receptor neurons to subsequent
stimulation (Fain et al., 2001; Kato and Touhara, 2009). In
Drosophila, odorant receptors (Ors) are odorant-gated ion chan-
nels (Sato et al., 2008; Wicher et al., 2008), and how these recep-
tors are regulated is poorly understood. Insect Ors are derived

from two gene families, ionotropic receptors (Irs) and Ors
(Clyne et al., 1999; Vosshall et al., 1999; Benton et al., 2009).
Interestingly, experience-dependent adaptation does not occur
for odorants detected by the Ir receptor class of Drosophila Ors
(Getahun et al., 2012; Cao et al., 2016). Ors are heteromeric
membrane proteins that form an ion channel with a shared sub-
unit, Or co-receptor (ORCO; Larsson et al., 2004) and in
Drosophila, one of 62 “tuning” receptor (Or) subunits that
impart ligand selectivity (Elmore et al., 2003; Hallem and
Carlson, 2004). Odorant binding to the receptors triggers open-
ing of these ion channels that freely pass calcium ions into the
neurons (Sato et al., 2008; Wicher et al., 2008). While great
strides have been made defining the mechanisms underlying
odorant detection in insects, our understanding of the mecha-
nisms responsible for regulation is incomplete (Wilson, 2013).

Prolonged odorant exposure (1–30min) results in slow
desensitization, a gradual reduction in peak spike frequencies
and flattening of the dose–response curves of Drosophila
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olfactory neurons expressing ORCO (Guo et al., 2017). Blocking
synaptic transmission in the ORCO primary olfactory neurons
does not significantly impair slow desensitization (Guo et al.,
2017), indicating it is independent of postsynaptic GABA feed-
back (Olsen and Wilson, 2008; Guo et al., 2017). This reveals the
presence of a cell autonomous modulation mechanism that oper-
ates specifically in ORCO-expressing neurons.

We recently reported that ORCO is phosphorylated at S289
in vivo, and that phosphorylation at this position is reduced on
prolonged odorant exposure (Guo et al., 2017). Furthermore, we
showed that these phosphorylation changes correlate precisely
with the slow desensitization modulation of olfactory neuron
responses, but occur at a slower time scale than previous descrip-
tions of desensitization in Drosophila olfactory neurons (Das et
al., 2011; Nagel and Wilson, 2011; Martelli et al., 2013; Gorur-
Shandilya et al., 2017; Martelli and Fiala, 2019). Antiserum spe-
cific to the S289-phosphorylated form of ORCO (phospho-
ORCO) recognizes antigen in wild-type olfactory neuron den-
drites in naive flies, but the phospho-signal is strikingly reduced
on prolonged odorant exposure (Guo et al., 2017). Antiserum
that recognizes ORCO independent of its phosphorylation state
revealed that ORCO remains in the chemosensory olfactory neu-
ron dendrites following prolonged odorant exposure, ruling out
a receptor translocation mechanism for slow desensitization
(Guo et al., 2017). These findings led us to propose a model for
slow desensitization in which ORCO is phosphorylated in the
naive, maximum sensitivity state, and becomes dephosphoryl-
ated on odorant exposure to modulate olfactory neuron
responses. However, the enzymology underlying this regulation
is a mystery. Here, we identify PKC98E as the primary kinase
required for ORCO S289 phosphorylation.

Materials and Methods
Drosophila stocks
An isogenized strain of w1118 was used as a wild-type control for most
experiments. Male flies were used for most experiments, but females
were found to have similar responses. UAS-FLP and UAS-RNAi flies to
knock-down candidate kinases were obtained from the Bloomington
and Vienna Stock centers. Other stocks include CAMI RNAi: BS#26726;
CAMII RNAi: BS#29401; PKA-C1 RNAi: BS#58355; PKA-C3 RNAi:
BS#27569; PKA-R1 RNAi: BS#27308; PKA-R2 RNAi: BS#27680; Nrk
RNAi: BS#56936; CKIIb : BS#42943; CKIIa: VDRC #330507; Asator
BS#57033; Phky: BS#42500; Fray: VDRC#106919; Stlk: BS#35186; Slob:
VDRC#39812; PDK: VDRC#37968; CG17698: VDRC#35634; Par-1:
BS#32101; Gprk1: BD#36246; LK6: BS#28357; da-Gal4: BS#51669). nos-
Cas9 flies (y, sc, v; 1; attp2 (y1) nos-Cas9 v1) were generated by Kondo
and Ueda (2013) and kindly provided by Michael Buszczak. orco2

mutants and pOrco-GAL4 flies were provided by Leslie Vosshall. UAS-
tdGFP flies (Han et al., 2011) were obtained from Robin Hiesinger. UAS-
OrcoS289A was described previously (Guo et al., 2017).

RNA-Seq
Ten micrograms of total RNA was extracted from four sets of flies, each
from ;1000 antennae using TRIzol reagent (Invitrogen). Poly-A RNA
was purified and fragmented followed by reverse transcription. A-tailed
cDNA was ligated to adapters, amplified by PCR, and purified with
Ampure XP beads. Four independent samples were submitted for
sequencing. Samples were applied to Illumina Hiseq 2500 and were
sequenced from one end. The four independent sequencing runs yielded
47.9 million, 52.1 million, 43.3 million, 56.7 million reads, respectively.

Single sensillum electrophysiology
Single sensillum recordings (SSRs) were performed as previously
described (Laughlin et al., 2008; Pitts et al., 2016). Briefly, filtered AC sig-
nals (200Hz to 3 kHz) were recorded and digitized for analysis
(Autospike 3.2). Flies were housed in fresh vials containing standard yeast

molasses food in small groups before SSR recordings. Compounds used in
SSRs and for odor exposure were of the highest purity available (Sigma-
Aldrich and Pherobank BV). A total of 30ml of diluted or undiluted odor-
ant were placed on a small piece of Wattman paper (1.5 cm2) inserted into
a 5.75-inch Pasteur pipette and 300-ms puffs of air, controlled by a com-
puter activated valve, were passed over the filter into a constant stream (30
ml/s) of charcoal filtered, humidified air passing over the preparation. The
odorant concentration in all figures represents the dilution of odorant
blotted onto Wattman paper over which air puff stimuli were passed. The
actual concentration reaching the antenna is much less. The change in
spikes per second (D spikes) was plotted as a sigmoidal curve with Hill fit-
ting. The D spikes were calculated as: D spikes = (number of spikes stimu-
lated by odorant in the first sec) – (number of spikes/s averaged over 10 s
before the stimulus).

Odorant exposure experiments
Flies were transferred to a new standard food vial supplemented with
200-ml water for 2 h. For prolonged odorant exposures, a piece of fil-
ter paper (1.5 cm2) with 30ml of 10�30% corresponding odorant
diluted in paraffin oil was placed in the food vials. Following speci-
fied exposure times, the flies were immediately used for electrophys-
iology or flash-frozen in liquid nitrogen and processed for
sectioning for immunofluorescence.

Frozen tissue sections and immunocytochemistry
For anti-PKC98E antiserum, three- to six-week-old female NZW
Rabbits were immunized with KLH (Sigma) conjugated peptides
corresponding to the C terminus of PKC98E (sequence N-
EFAGFSFVNPKFGPERKVY-C) using formaldehyde followed by
extensive dialysis against PBS. Rabbits were immunized with the
conjugated peptide in Freunds adjuvant as previously described
(Smith et al., 1991). Serum from immunized animals was affinity
purified using the peptide bound to Affigel 10 columns (Bio-Rad).
The antiserum was used at 1:300 dilution in PBS 0.1% saponin for
immunostaining. The phospho-specific antibody was previously
described in Guo et al. (2017) and was diluted 1:20 in PBS, 0.1% sapo-
nin. Total ORCO antiserum (Guo et al., 2017), that detects ORCO inde-
pendent of phosphorylation state, was diluted 1:300 for immunostaining.
Hand-dissected heads were fixed in 4% paraformaldehyde (PFA; Sigma) 1�
PBS, pH 7.4 for 2 h on a rotator at 4°C followed by impregnation in 25% su-
crose overnight in 0.1 M Na2PO4, pH7.4. For frozen tissue sections, samples
were imbedded in Tissue-Tek (Sakura Finetek), and 10-mm sections were
obtained using a microtome (Bright Instrument Company). Sections were
air dried for 1 h at room temperature, postfixed in 4% PFA, 1� PBS for
5min, incubated with 0.5% Triton X-100 (Sigma), 0.1% saponin (Fluka) in
1� PBS, pH 7.4 for 5min, and washed three times with 0.1% saponin in 1�
PBS, pH 7.4. The sections were incubated with diluted primary rabbit anti-
body overnight at 4°C. After 4- to 10-min washes, sections were incubated
with a 1:500 dilution of Alexa Fluor 543-conjugated goat anti-rabbit anti-
bodies (Invitrogen) for 2 h at room temperature. Slides were washed in PBS
0.1% saponin four times and mounted in glycerol mounting medium
(Dako).

Imaging and image quantification
Confocal images were obtained using Zeiss LSM 510 and LSM710 confo-
cal microscopes. Identical imaging settings on the same microscope were
used for comparisons among genotypes. Olfactory neuron dendrite fluo-
rescence intensity was quantified based on the mean pixel value (the
sum of pixel value of selected area divided by the total number of pixels)
using ImageJ (http://imagej.nih.gov/ij/). The background pixel value
from an identical area was subtracted. All quantification was performed
by a technician blinded to genotypes. The Student’s t test for statistical
significance was conducted using Origin 8.0 and ANOVA was imple-
mented using the SPSS package (IBM).

Generation of PKC98E conditional mutant
Primers encoding the PKC98E kinase domain and FRT sites were used
to amplify the PKC98E kinase domain from genomic DNA. The kinase
domain was sequenced and cloned into pHD-DsRed vector (Gratz et al.,
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2013). The 1-kb upstream and downstream
homology region flanking the PKC98E
kinase domain was introduced in pHD-
DsRed vector. This construct was then
co-injected with two CRISPR targeting
plasmids flanking the kinase domain (Gratz
et al., 2013). Flies were selected for RFP
expression in the eyes and correct integra-
tion and presence of FRT sites were con-
firmed by PCR and sequencing. To
eliminate PKC98E from olfactory neurons,
we expressed UAS-FLP recombinase in ol-
factory neurons using pORCO-GAL4 in flies
homozygous for the PKC98E FRT allele
(pOrco-GAL4; PKC98E FRT, UAS-FLP).
Flies were assayed at one week of age to
allow any previously synthesized PKC98E
to turn over.

The primers used to clone the kinase do-
main are 59-TTAATTAACGACGGTTTAT
CAACTAATTAC and 59 CTCGAGCCGCG
GGAAGTTCCTATTCTCTAGAAAGTATAG
GAACTTCGCATCGCAATCCATCGAACTG
(containing underlined FRT site).

The primers used for the upstream homol-
ogy domain are 59-GCTAGCAGCTGCTC
AGCTCTGGCGCTTC and 59-TTAATTAA
GAAGTTCCTATTCTCTAGAAAGTATAGG
AACTTCACTGTTTCTTGCTGTGCAGTGTG
(containing underlined FRT site), and for the
downstream homology 59-ACTAGTTGTTGG
AATTCATTTATGTTGTTTGC and 59- CCCT
CGAGGGAGTAAATAATAATCGTAAC

The primers to target Cas9 to the upstream
cleavage site are 59-CTTCGCACAGCAAGAA
ACAGTCGA and 59-AAACTCGACTGTTTC
TTGCTGTGC and for the downstream cleav-
age site, 59-CTTCGCTTCAAGCTCCACGCC
TGT and 59-AAACACAGGCGTGGAGCTTG
AAGC.

The primers used to confirm correct integra-
tion depicted in Figure 4A are: P1 (59-TC
AACCCACCTTCTGTTCGC-39), P2 (59-GCTT
CGAGCCGATTGTTTAG-39), P3 (59- GCTAA
ACAATCGGCTCGAAG-39), P4 (59-CCAGCA
GCGATTGACCTATT-39).

Generation of PKC98ECAAX mutants
PKC98E RB cDNA encoding a PKC98E splice
form that lacks the regulatory domain was iso-
lated from Drosophila head RNA by RT-PCR,
cloned, and sequenced. This cDNA was used as
a template to add the sequence of a prenylation
signal, VQCASQ (Berger et al., 2018) to the C
terminus of the coding sequence using the pri-
mers 59-GAATTCAAATGACAAGTTCA and
59-CTCGAGTTACTGGCTGGCGCACTGCA
CGTAGACTTTGCGCTCCGG. This con-
struct was cloned into pUAS (Brand and Perrimon, 1993) and trans-
genic flies produced by standard techniques (Spradling and Rubin,
1982).

Experimental design and statistical analyses
SSRs were performed on 2- to 6-d-old flies. To avoid sensory adaptation
during recordings, the stimuli were separated by an interval of at least
1min, and each fly was only used for one dose–response recording. One
way-ANOVA with post hoc Tukey’s test was used for the comparison of
responses to odorants between multiple genotypes. For measuring the
desensitization, flies were preexposed with 30 ml of 30% cVA in a small

vial for 1 h, and controls were preexposed with the solvent-paraffin oil. To
mitigate the effect of recovery, the recording was completed within 15min
of removal from the stimulus vial. Two-tailed Student’s t test was used to
test for statistical significance of slow desensitization (reduction in peak
spikes/s) between w1118 or PKC98ECAAX, and two-way ANOVA was used
to test the statistical significance of interactions between desensitization
among genotypes. For immunostaining comparisons, 2- to 6-d-old flies
were used and images were taken under the identical settings. One-way
ANOVA was used to compare the fluorescent intensity between geno-
types. One-way ANOVA was performed with Origin 8.0 (OriginLab).
Two-tailed Student’s t test and two-way ANOVA were performed with
GraphPad Prism 8 software (GraphPad Software) or SPSS (IBM).

Figure 1. PKC98E is required for normal cVA sensitivity. A, RNAseq reads for antennal kinases. The RPKM reflects the
abundance of each kinase RNA. Error bars represent SEM for four replicates. B, Sample traces from the at1 neurons stimu-
lated with 1% cVA pheromone for 300 ms (gray box) from w1118 control, PKC98E RNAi flies (pORCO-GAL4/UAS-PKC98E RNAi)
and ORCOS289A flies (pORCO-GAL4/UAS-ORCOS289A; orco2). % indicates dilution of cVA in diluent spotted on Wattman paper
and not the actual odorant concentration (see Materials and Methods). Traces for other kinases are presented in Extended
Data Figure 1-1. C, PKC98E RNAi shows a reduction in peak response and dose–response curve flattening to cVA pheromone
(n= 5). The sigmoidal curve for D spikes was plotted for different concentrations of cVA with Hill fitting for the genotype
described. Error bars represent SEMs. One-way ANOVA analysis with post hoc Tukey’s HSD test was done between control
(w1118), PKC98E RNAi and ORCOS289A; ppp, 0.05, pppp, 0.01. The ANOVA comparison was also done between
ORCOS289A, and PKC98E RNAi; 11 p, 0.05, 111p, 0.01 (actual p values for PKC98E RNAi and wild-type controls:
for 0.01%, 0.03%, 0.1%, 0.3%, 1%, 3%, 10%, 30%, and 100% cVA for are 0.54, 0.95, 0.90, 0.814, 0.125, 0.085, 0.070,
1.4� 10�4, and 0.002, respectively; p values for pORCO-GAL4/UAS-ORCOS289A; orco2 and controls for 0.01%, 0.03%, 0.1%,
0.3%, 1%, 3%, 10%, 30%, and 100% cVA for are 0.92, 0.82, 0.59, 0.002, 0.033, 0.005, 0.0025, 1.13� 10�4, and
4.92� 10�5. For ANOVA comparison between PKC98E RNAi expressed with pORCO-GAL4 and pORCO-GAL4/UAS-ORCOS289A;
orco2, p values are 0.35, 0.92, 0.41, 0.064, 0.068, 0.047, 0.0095, 0.0025, and 0.0091 for 0.01%, 0.03%, 0.1%, 0.3%, 1%,
10%, 30%, and 100% cVA. D, E, Farnesol-induced response from ai2a intermediate sensilla neurons (also called at2a neurons
(Couto et al., 2005; Ronderos et al., 2014) from w1118 and PKC98Econd (for olfactory neuron-specific null mutants, see Fig. 4)
reveal similar defects as cVA-induced pheromone responses. D, Representative traces of the response of w1118 and PKC98Econd

to farnesol. E, Dose–response curves from ai2a neurons of w1118 (open square) and PKC98Econd (open circle) flies to a series
of farnesol dilutions. Significant differences in sensilla responses were detected at the dilutions of 10�4 (p= 0.014), 10�3

(p= 4.227� 10�4), 10�2 (p= 2.429� 10�5), 10�1 (p= 0.001), and pure farnesol (p= 1.440� 10�5); n= 10 for each
genotype; pp, 0.05, ppp, 0.001, pppp, 0.0001 by one-way ANOVA. Data were plotted as mean6 SEM.
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Results
PKC98E is implicated in modulating odorant responses
We used RNA-seq to identify kinase genes expressed in adult
antenna mRNA. Hand-dissected antennae were subjected to
RNA extraction and purification, and were subsequently bar-
coded and sequenced. Of the 239 known kinases in the
Drosophila genome (FlyBase Consortium, 1999), we identified
21 serine/threonine kinases with expression levels averaging over
10 reads per kilobase per million sequence reads (RPKM) over
four independent experiments (Fig. 1A). To identify which of
these 21 candidates might functionally contribute to ORCO S289
phosphorylation and odorant sensitivity regulation, we used
transgenic RNA interference to individually knock-down each
candidate kinase in the ORCO-expressing olfactory neurons in
vivo.Wemeasured the electrical responses from the cVA-sensing
Or67d neurons using SSRs to determine whether any of the ki-
nase RNAi knock-down constructs impacted the olfactory
responses (Fig. 1; Extended Data Fig. 1-1). Expression of
PKC98E RNAi in the olfactory neurons resulted in a striking
defect in the dose–response curves to cVA stimulation in at1
neurons. The maximum spike frequency to cVA stimulation
was reduced almost 2-fold (Fig. 1C). None of the other indi-
vidual kinase RNAi constructs produced statistically signif-
icant changes in cVA responses (Extended Data Fig. 1-1).
However, ORCOS289A mutants (Guo et al., 2017) that are
incapable of being phosphorylated at this position, have
even lower peak responses (Fig. 1C). This difference could
indicate that other kinases are capable of phosphorylating
ORCO at S289, that the RNAi is not completely penetrant,
or that the ORCOS289A mutant has lower intrinsic sensitiv-
ity than dephosphorylated wild-type ORCO. The modula-
tory phenotype is not restricted to pheromone-sensing
neurons, as similar effects are observed in farnesol-sensing
neurons (Fig. 1D,E).

ORCO phosphorylation at S289 is reduced in PKC98E RNAi
flies
We next asked whether the reduced peak sensitivity we observed
to cVA stimulation in PKC98E RNAi flies was associated with
reduced ORCO S289 phosphorylation. Using phospho-specific
ORCO antiserum (Guo et al., 2017), we quantified ORCO phos-
phorylation at S289 in wild-type and PKC98E RNAi olfactory
neurons from naive flies. Figure 2 shows that PKC98E RNAi flies
have a significant reduction in phospho-ORCO signal (Fig. 2B,E)
compared with controls (Fig. 2A,E). RNAi transgenes to d PKC
and PKC53E, two PKC family members that were previously
implicated in olfactory function (Getahun et al., 2016) had no
effect on ORCOS289 phosphorylation (Fig. 2C–E). Furthermore,
using antiserum that recognizes ORCO independent of phos-
phorylation state, we observed no change in the total ORCO lev-
els in the olfactory neuron dendrites (Fig. 2F–J). Therefore, the
reduction in phospho-ORCO is not because of translocation of
ORCO protein stemming from a function of PKC98E. We con-
clude that PKC98E is required for normal phosphorylation of
ORCO at S289 in vivo.

Antiserum to PKC98E identifies olfactory neuron dendrite
expression
We generated antiserum to a C-terminal peptide specific to
PKC98E to localize the kinase in the olfactory neurons (see
Materials and Methods). The antiserum detects kinase protein in
the olfactory neuron dendrites from wild-type olfactory neurons

(Fig. 3D,F), and these signals are dramatically reduced in the
PKC98E RNAi knock-down (Fig. 3I). These results confirm the
antiserum is specific to PKC98E and that the PKC98E kinase is
normally localized to the site of olfactory signal transduction.

Generation of PKC98Emutants
RNAi often produces hypomorphic phenotypes, and can pro-
duce off-target effects. Therefore, we sought to confirm our find-
ing that PKC98E is an important olfactory neuron regulator by
generating null mutants defective for PKC98E expression.
Previous studies showed PKC98E has essential functions in de-
velopment regulating dorsal-ventral patterning (Tremmel et al.,
2013). Consistent with this data, frame-shift mutants in PKC98E
generated using CRISPR non-homologous ends joining are lethal
(data not shown). Therefore, to examine the loss of function

Figure 2. PKC98E is required for normal phosphorylation of ORCO at S289 in vivo. A–D,
Representative images showing the phosphorylation of ORCO at S289 in the (A) pORCO-GAL4
control, (B) PKC98E knock-down, (C) d PKC knock-down, and (D) PKC53E knock-down (all
expressed with pORCO-GAL4). Arrowheads indicate olfactory neuron dendrites. E, The phos-
phorylation of ORCOS289 is significantly reduced in PKC98E knock-down (b over error bar; p =
1.66� 10�7 for PKC98E RNAi compared with pORCO-GAL4 control). There is no significant
difference between pORCO-GAL4 and d PKC RNAi (a over error bar; p= 0.90) or PKC53E
RNAi, p= 0.99. PKC98E RNAi is different from d PKC RNAi (p= 4.22� 10�6) and PKC53E
(p= 3.11� 10�7), but there is no difference between PKC53E RNAi and d PKC RNAi
(p= 0.96). Analysis was performed using one-way ANOVA with post hoc Tukey’s HSD test.
F–I, Representative images showing total ORCO localization in the (F) control, (G) PKC98E
RNAi, (H) d PKC RNAi, and (I) PKC53E RNAi. Arrowheads denote representative olfactory neu-
ron dendrites. J, The quantification shows the overall localization of ORCO in the olfactory
neuron dendrites is unaffected in the kinase RNAi lines. Analysis was performed using one-
way ANOVA with post hoc Tukey’s HSD test (p= 0.94 for PKC98E RNAi vs pORCO-GAL4;
p= 0.36 for d PKC RNAi vs pORCO-GAL4; p= 0.82 for PKC53E RNAi vs pORCO-GAL4; p= 0.71
for PKC98E RNAi vs d PKC RNAi; p= 0.82 for PKC98E RNAi vs PKC53E RNAi; and p= 0.99 for
PKC53E RNAi vs d PKC RNAi (n= 15 for each genotype). Data are plotted as mean6 SEM.
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phenotype of PKC98E in the olfactory
neurons without disrupting developmen-
tal functions, we generated PKC98E con-
ditional mutant flies that lack PKC98E
function exclusively in ORCO-expressing
olfactory neurons.

We used CRISPR/Cas9-mediated ho-
mologous recombination editing to
replace the endogenous PKC98E kinase
domain with one flanked by FRT recom-
bination sites (Fig. 4A,B; Materials and
Methods). The homozygous PKC98E
FRT flies are homozygous viable, fertile
and healthy, indicating that introduction
of the FRT sites in the non-coding DNA
flanking the kinase domain does not
impair PKC98E function. Furthermore,
PKC98E FRT flies have cVA dose–
response curves that are not statistically
different from wild-type controls (Fig.
4C). Driving FLP with the daughterless
promoter in the PKC98E FRT homozy-
gous background was lethal, consistent
with the developmental requirement of
PKC98E (data not shown). To eliminate
PKC98E specifically from the olfactory
neurons, we crossed the FLP recombinase
gene expressed under control of the
ORCO promoter in the PKC98E FRT
homozygous mutant background. In this
stock, FLP recombinase expression is re-
stricted to the ORCO-expressing olfac-
tory neurons and is expected to excise the
DNA encoding the PKC98E kinase do-
main from the genome of these olfactory
neurons. Figure 4D–G shows that
pORCO-GAL4; PKC98E FRT, UAS-FLP
(referred to as PKC98E conditional) effec-
tively eliminates PKC98E antigen from
the olfactory neurons.

We next examined the contribution of
PKC98E to ORCOS289 phosphorylation
in the PKC98E FRT conditional null
mutants. Figure 5 shows that compared with wild-type naive
flies, ORCO phosphorylation at S289 is reduced to approxi-
mately one-fifth of normal in PKC98E FRT conditional naive
flies. This reveals that PKC98E is normally required for full phos-
phorylation of ORCO at S289. The residual phosphorylation sig-
nal in the conditional mutants suggests another kinase is capable
of phosphorylating ORCO at S289 at a low level, or perhaps
some cells still have PKC98E persisting from before FLP expres-
sion. Antiserum to total ORCO shows no significant differ-
ence in ORCO levels or location (Fig. 5H,I), confirming
that PKC98E does not affect sensitivity through transloca-
tion of ORCO out of the olfactory neuron dendrites. Next,
we tested the odorant responses of the PKC98E FRT condi-
tional mutants. Loss of PKC98E function in the conditional
allele results in a similar reduction in peak responses com-
pared with the PKC98E RNAi flies in the dose–response
curves to cVA, peaking at around 30 spikes/s at 100% cVA
(Fig. 6B). However, the impairment of cVA response in the
conditional mutant of PKC98E is not quite as severe as we
see in ORCOS289A mutants. These data demonstrate that

PKC98E is the major ORCOS289 kinase and is required for
normal odorant responses in olfactory neurons.

We next tested whether an active, membrane-tethered version
of PKC98E could rescue ORCO S289 phosphorylation and odor-
ant sensitivity in the PKC98E conditional mutants. We started
with a splicing variant of PKC98E, PKC98E-RB, that has an alter-
nate 59 splicing arrangement that produces a PKC98E protein
that lacks the regulatory domain (Thurmond et al., 2019). The
regulatory domain includes a pseudosubstrate domain that
maintains the kinase in the inactive state in the absence of acti-
vating factors, and PKCs lacking the regulatory domain are con-
stitutively active (Sommese et al., 2017). To tether the kinase to
the membrane, we modified the PKC98E-RB cDNA to include a
CAAX prenylation signal at the C terminus (Schafer et al., 1989).
We named the kinase encoded by this construct PKC98ECAAX.
We crossed UAS-PKC98ECAAX into the PKC98E FRT conditional
mutant background. We examined ORCO S289 phosphoryla-
tion, comparing the PKC98E conditional mutants to PKC98E
conditional mutants also expressing PKC98ECAAX. We observed
restoration of the ORCO S289 phosphorylation in the presence
of PKC98ECAAX (Fig. 7B–D). We next tested the cVA sensitivity

Figure 3. Antiserum directed to the C terminus of PKC98E detects kinase protein in the olfactory neuron dendrites. A,
Cartoon depicting the Drosophila antenna with location of different sensilla. B, Cartoon showing the olfactory neuron anat-
omy of the cVA responsive at1 trichoid neuron. C, Depiction of the branched basiconic olfactory neuron dendrites. D, Anti-
PKC98E antiserum localizes PKC98E (red) to the olfactory neuron dendrites (arrowhead) and a round structure between the
base of the olfactory neuron dendrites and the cell body (arrow). E, Green is membrane-anchored tdGFP (Han et al., 2011)
expressed under control of the ORCO promoter. Olfactory neuron dendrites and cell bodies are labeled. F, Co-localization of
PKC98E and tdGFP in the olfactory neuron dendrites. G, Preimmune serum from the same rabbit later immunized against
PKC98E peptide does not detect antigens in Drosophila antenna. H, PKC98E localization in w1118 control. I, Flies expressing
PKC98E RNAi with the ORCO promoter have reduced PKC98E signal. Scale bars: 10mm (D) and 20mm (G–I).
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of PKC98E FRT conditional mutant flies also expressing
PKC98ECAAX. PKC98ECAAX restored the naive cVA dose–
response curves and peak responses of the olfactory neurons to
levels that were not statistically different from wild-type controls,
but were different from PKC98E conditional mutants alone (Fig.
7E,F). We conclude that PKC98ECAAX is able to revert the effects
of the PKC98E loss of function mutant on ORCO phosphoryla-
tion and restore naive olfactory neuron responsiveness.

Finally, while PKC98ECAAX is capable of rescuing the naive
response defects in the PKC98E conditional background, because
it is unregulated it might be defective for restoring slow desensi-
tization to prolonged odorant exposure. We compared the
responses of wild-type controls and PKC98E conditional
mutants expressing PKC98ECAAX with and without a prolonged
odor preexposure (Fig. 7G,H). Remarkably, we find that the flies
expressing the constitutive kinase fail to reduce olfactory neuron
responsiveness on prolonged odorant stimulation.

Discussion
We have identified PKC98E as the primary kinase responsible
for the phosphorylation of ORCO at S289. Loss of the kinase ac-
tivity in olfactory neurons impairs the naive peak odorant-
induced responses in olfactory neurons. This phenotype is simi-
lar to that of wild-type olfactory neurons following prolonged
odorant exposure and flies unable to phosphorylate ORCO at
S289. The loss of responsiveness in all three cases is correlated
with impaired phosphorylation of ORCO at S289.

ORCO is likely to be a direct phosphorylation target of
PKC98E, based on co-location of both factors in the olfactory
neuron dendrites, loss of ORCO phosphorylation in the PKC98E
FRT conditional mutants, rescue of ORCO phosphorylation by
expression of the PKC98E kinase domain using the PKC98ECAAX

allele, and the fact that ORCO S289 is predicted to be a direct
PKC phosphorylation target (Blom et al., 1999). It is possible
that PKC98E regulates ORCO indirectly, with PKC98E regulat-
ing another kinase that phosphorylates ORCO. However, this is
unlikely given no other kinase expressed in the antenna had a
similar defect in the RNAi experiments.

Interestingly, we observe a residual amount of phospho-
ORCO S289 in the PKC98E FRT conditionalmutants. A different
kinase might be capable of phosphorylating ORCO at S289, or
perhaps some PKC98E enzyme persists in the conditional mu-
tant that is not readily detectable with our antiserum. It seems
reasonable to speculate that the differences in the dose–response
curves between these ORCOS289A and the PKC98E conditional
mutants is because of the residual phosphorylation we observe.

Different members of the Drosophila PKC family have been
previously implicated in regulating insect odorant responses
through ORCO phosphorylation (Sargsyan et al., 2011; Getahun
et al., 2016). These studies concluded PKC activity enhances
ORCO sensitivity and that ORCO phosphorylation increases on
odorant stimulation (Getahun et al., 2013). We concur with the
conclusion that ORCO phosphorylation enhances ORCO recep-
tor sensitivity, but subsequent work has shown that ORCO

Figure 4. Generation of PKC98E conditional null mutant. A, CRISPR/Cas9 was used to engineer FRT sites upstream and downstream of the DNA encoding the kinase domain of PKC98E (see
Materials and Methods). Flies homozygous for the PKC98E FRT allele are viable and healthy. Loss of function for PKC98E in olfactory neurons was produced by introducing a transgene encoding
the FLP recombinase expressed under control of the ORCO promoter. H1, homology arm 1; H2, homology arm 2; dsRed, RFP reporter gene; FRT, FLP recombination sites; P1–P4 represent PCR
primer binding sites. B, PCR to validate the correct integration of the FRT allele using P1–P4 primers. C, Dose–response curve to cVA shows the FRT insertions do not alter cVA odor sensitivity
in the PKC98E FRT flies in absence of the FLP recombinase (n= 5). The sigmoidal curve for Dspikes with Hill fitting was plotted for different concentrations of cVA for the w1118 and PKC98E
FRT flies (p= 0.75, 0.59, 0.52, 0.25, 0.33, 0.39, 0.39, 0.73, 0.25, and 0.13 for 0.01%, 0.03%, 0.1%, 0.3%, 1%, 3%, 10%, and 100% cVA. D–G, PKC98E immunoreactivity in the conditional allele.
D, w1118. E, PKC98E FRT. F, PKC98E FRT, UAS-FLP. G, PKC98E FRT conditional (pORCO-GAL4; PKC98E FRT, UAS-FLP).
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phosphorylation is reduced on odorant
exposure at the critical residue S289 (Guo
et al., 2017). The effect of PKC activator
and inhibitor drugs (including the PKCa
inhibitor Go6976) on ORCO phosphoryl-
ation expressed in tissue culture cells or
infused in to sensillum lymph supported
the notion that a PKC was involved
(Sargsyan et al., 2011). However, the PKC
inhibitor Go6976, is only active against
calcium dependent PKCs and is not
expected to have activity against PKC98E
that lacks the calcium binding C2 domain.
Furthermore, these studies focused on
flies carrying transposon insertions near
the PKC53E and d PKC kinase genes
(Getahun et al., 2016). Neither transposon
disrupts the coding sequence of the kinase
gene (Thurmond et al., 2019), thus it is
not clear that these transposons affect
expression of the kinase genes. Here, we
find no phenotype associated with RNAi
knock-down of either of these PKCs in
the olfactory neurons. Instead, our data
supports the idea that PKC98E is the
major kinase responsible for ORCO
phosphorylation.

PKC98E was first identified in
Drosophila over three decades ago
(Schaeffer et al., 1989). This kinase is a
member of the nPKC subtype that is
thought to be activated by diacylglycerol
(DAG) and phosphatidylserine (PS), but
not calcium. PS and DAG activate the ki-
nase through interactions with the regula-
tory C1 domain, releasing inhibition by
the pseudosubstrate near the N terminus
of the protein that maintains the kinase in
an inactive form in the absence of activa-
tors (Johnson et al., 2000; Steinberg,
2008). The C1 domain functions as a cal-
cium-independent lipid binding motif
with high affinity to PS, a known PKC ac-
tivator, while the C2 domain in classical
PKCs binds lipids in a calcium-dependent
manner (Johnson et al., 2000). PKC98E
has the PS binding C1 domain, but the
calcium-independent version of the C2
domain present in nPKCs (Nalefski and
Falke, 1996). Indeed, calcium activation
of the ORCO S289 kinase would be coun-
terproductive because removal of the
phosphate at S289 on neuronal activation
is essential for slow desensitization (Guo
et al., 2017). PKC98ECAAX is able to phos-
phorylate ORCO at S289 and restore peak
sensitivity to naive olfactory neurons in
PKC98E FRT conditional mutants, but is
defective for slow desensitization, consist-
ent with the constitutively activated ki-
nase impairing the ability of the olfactory
neurons to effectively dephosphorylate
Orco at S289. Our current model is that

Figure 5. PKC98E conditional mutants are defective for ORCOS289 phosphorylation in vivo. A–D, Representative images
showing the phosphorylation of ORCOS289 in the (A) w1118 control, (B) orco2 mutants that lack ORCO, (C) PKC98E FRT, and (D)
PKC98E FRT conditional mutants (pORCO-GAL4; PKC98E FRT, UAS-FLP). Arrowheads point to representative olfactory neuron
dendrites. E, The phosphorylation of ORCOS289 is strikingly reduced in PKC98E FRT conditional mutants (p= 0.009) and orco2

(p= 1.24� 10�5) compared with wild-type controls (p= 0.009), but not in PKC98E FRT, UAS-FLP controls that lack the
GAL4 driver (p= 0.41); n= 5–10, analysis by one-way ANOVA with post hoc Tukey’s HSD test; pppp, 0.01 as compared
with w1118 control. F–I, Representative images showing total ORCO localization in the control and conditional mutants.
Arrowheads denote representative olfactory neuron dendrites. J, The quantification shows the overall ORCO localization in ol-
factory neuron dendrites is not significantly different among the genotypes except for the orco2 mutant that lacks ORCO
(n= 15; p= 0.75 between wild-type and PKC98E FRT, UAS-FLP, and p= 0.59 between wild-type and PKC98E conditional,
p= 2.77� 10�6 between w1118 and orco2 mutant) by one-way ANOVA with post hoc Tukey’s HSD test.

Figure 6. PKC98E FRT conditional mutant has reduced responsiveness to cVA. A, Sample trace for Or67d neurons from
w1118, PKC98E FRT conditional mutants (pORCO-GAL4; PKC98E FRT, UAS-FLP), and ORCOS289A flies (pORCO-GAL4/UAS-OrcoS289A;
orco2) to 1% cVA. Stimulus duration (300ms) is indicated by the gray bar. B, Dose–response curve for cVA odor sensitivity
for w1118 and PKC98E FRT conditional mutant and ORCOS289A (n� 5). The sigmoidal curve for D spikes was plotted for differ-
ent concentration of cVA with Hill fitting for the genotypes described. Error bars represent SEMs. One-way ANOVA analysis
with post hoc Tukey’s HSD test was done between control (w1118), PKC98E FRT conditional, and OrcoS289A flies; ppp, 0.05,
pppp, 0.01 (p values between PKC98E FRT conditional mutant and w1118 control flies are p= 0.3121, 0.83 454, 0.65152,
0.52124, 0.041, 0.032, 0.044, 0.0015, and 4.36� 10�4 for 0.01%, 0.03%, 0.1%, 0.3%, 1%, 3%, 10%, 30%, and 100% cVA,
respectively; p values comparing ORCOS289A flies and w1118 are 0.21764, 0.97444, 0.42962, 0.00189, 0.00272, 0.00109, 4.42 -
� 10�4, 7.05� 10�5, and 2.39� 10�5 for 0.01%, 0.03%, 0.1%, 0.3%, 1%, 3%, 10%, 30%, and 100% cVA, respectively.
The ANOVA comparison was also done between PKC98E FRT conditional and ORCOS289A; 11p, 0.05, 111p, 0.01 (p
values are 0.86982, 0.79244, 0.88431, 0.20003, 0.0144, 0.12009, 0.01867, 0.00879, and 0.00427 for 0.01%, 0.03%, 0.1%,
0.3%, 1%, 3%, 10%, 30%, and 100% cVA, respectively.
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calcium entry results in activation of a phosphatase, and inhibi-
tion of PKC98E activity. An intriguing possibility is that PKC98E
is regulated by PS in the cytoplasmic leaflet of the dendrites.
Mutants defective for dATP8B, a PS translocase localized to the
olfactory neuron dendrites (Ha et al., 2014), has modulatory
defects similar to those of the PKC98E conditional mutants (Ha
et al., 2014; Liu et al., 2014; Guo et al., 2017). Future studies will
explore the potential link between PS localization and PKC98E
regulation in these neurons.

Most neurons show decaying neuronal activity in response to
prolonged stimulation (Benda, 2021). Vertebrate Ors are G-
protein-coupled receptors (Buck and Axel, 1991) that trigger

cAMP-mediated opening of cyclic nu-
cleotide-gated cation channels through
activation of the G-protein, Golf (Jones
and Reed, 1989) and adenylate cyclase
III (Pfeuffer et al., 1989; Wong et al.,
2000). Calcium influx is a prominent
feature of opening these channels.
Sustained exposure to an odorant results
in desensitization of olfactory neurons,
and loss of odorant perception.
Desensitization in vertebrate olfactory
neurons involves a number of calcium-
dependent events that alter the activity
of olfactory signaling components. For
example, calcium entry into the verte-
brate olfactory cilia triggers activation of
calmodulin kinase II (CamII) to phos-
phorylate several important factors,
including adenylate cyclase to inhibit
cAMP production (Kurahashi and
Menini, 1997; Wei et al., 1998) and acti-
vate the phosphodiesterase responsible
for degrading cAMP in the olfactory
neurons (Borisy et al., 1992; Boekhoff et
al., 1996; Kurahashi and Menini, 1997).
These calcium-dependent feedback
mechanisms operate to produce desensi-
tization in vertebrate olfactory neurons.

The slow desensitization in
Drosophila olfactory neurons is dis-
tinct from previously reported desen-
sitization mechanisms that operate
over millisecond or second time scales
(Das et al., 2011; Nagel and Wilson,
2011; Martelli et al., 2013; Cao et al.,
2016; Gorur-Shandilya et al., 2017;
Martelli and Fiala, 2019). Impor-
tantly, slow desensitization is impor-
tant for chemotactic behaviors, as
ORCOS289A mutants have impaired
chemotaxis to food traps, and unlike
wild-type flies, fail to avoid odorant
traps containing the same odor as a
preexposure (Guo et al., 2017). We
suspect this mechanism is important
for the ability to identify food sources
in the presence of a pervasive back-
ground food odor. Regulating the
shared Or subunit ORCO is an ele-
gant mechanism to enable an olfac-
tory neuron to undergo modulation,
regardless of the tuning receptor sub-

unit expressed by that cell. Dephosphorylation of ORCO at
S289 and slow desensitization occurs on extended odorant
stimulation, or by activation of the neurons using channelr-
hodopsin in the absence of odorants (Guo et al., 2017).
Therefore, this modulatory mechanism is triggered by neu-
ronal activity, regardless of how the neuron is depolarized.
One explanation is that calcium entry into these neurons
triggers activation of a phosphatase to remove phosphate at
ORCO S289. The identity of the ORCO phosphatase is
unknown. If substantiated, this would reveal that vertebrate
and invertebrate olfactory sensitivity may both be modulated

Figure 7. Expression of PKC98ECAAX in PKC98E conditional mutants restores sensitivity and ORCO S289 phosphorylation. A–C,
Examples of anti-phospho-ORCO on (A) wild-type control (w1118), (B) PKC98E FRT conditional mutants, (C) PKC98E FRT condi-
tional mutants expressing PKC98ECAAX (pORCO-GAL4, UAS PKC98ECAAX; PKC98E FRT, UAS-FLP). D, Quantitation of olfac-
tory neuron dendrite fluorescence using phospho-S289 antiserum for the three genotypes; n = 5–10; pppp, 0.01
(p = 1.23 � 10�5 for PKC98E FRT conditional and w1118 control); 111p, 0.01 (p = 4.54� 10�5 for PKC98E FRT
conditional and PKC98ECAAX rescue); p values were not significant between w1118 and PKC98ECAAX (p = 0.396). E,
Sample traces for w1118, PKC98E FRT conditional, and PKC98E FRT conditional mutants expressing PKC98ECAAX to 1%
cVA. F, Dose–response curve to cVA for w1118, PKC98E FRT conditional, and PKC98E FRT conditional expressing
PKC98ECAAX; n = 5–10. The sigmoidal curve for D spikes was plotted for different concentration of cVA with Hill fit-
ting for the genotypes described; ppp, 0.05, pppp, 0.01 (one-way ANOVA p values between PKC98E FRT condi-
tional and w1118 for 0.01%, 0.03%, 0.1%, 0.3%, 1%, 3%, 10%, 30%, and 100% cVA are 0.530, 0.038, 0.011, 0.802,
0.003, 5.17� 10�5, 0.002, 0.009, and 0.017, respectively). ANOVA comparison between PKC98E FRT conditional and
PKC98ECAAX for the same cVA dilutions are 0.950, 0.090, 0.007, 0.214, 0.001, 0.004, 0.009, 0.007 and 0.011, and
between PKC98ECAAX and w1118 are all below significance (p = 0.445, 0.441, 0.896, 0.422, 0.345, 0.163, 0.128, 0.260,
and 0.618 for cVA doses, respectively). G, H, Dominant PKC98E flies are defective in desensitization. G,
Representative responses of w1118 and PKC98ECAAX (pORCO-GAL4, UAS-PKC98ECAAX; PKC98E FRT, UAS-FLP) to 1% cVA
with and without cVA preexposure. H, Desensitization of w1118 (left) and PKC98ECAAX (right). Black bars represent
without preexposure to cVA. Gray bars represent responses after a 1-h cVA exposure. Preexposure significantly
reduces cVA responses of w1118 (p = 0.001, two-tailed Student’s t test, n = 10), but does not significantly affect
PKC98ECAAX (p = 0.101, two-tailed Student’s t test, n = 10). PKC98ECAAX shows impaired response reduction (interac-
tion F(1,36) = 4.605, p = 0.039, two-way ANOVA); ppp, 0.01. Data are mean6 SEM, ns, not significant.
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by calcium influxes but executed by divergent enzymatic
programs.
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